Abstract 2,2′-(Alkanediyl)-bis-1H-benzimidazoles (simple and mixed) with variable methylene spacers were synthesized in excellent yields with aqueous fluoroboric acid (45%) (0.1 ml) as catalyst under solvent-free conditions. Their optimized structures were obtained using DFT calculations where it was seen that the s-trans orientation of the two imidazole rings was preferred for all types of bis-benzimidazole systems. The X-ray crystal structure of one such bis-benzimidazole further corroborated this fact. Finally, photophysical studies were carried out to get insight into the fluorescence characteristics of the newly synthesized bis-1H-benzimidazoles.
Introduction
The development of efficient approaches to chemically and biologically important products from readily available inexpensive starting materials has been an active topic in modern organic chemistry. 1 The main objective of this research was to use easily available reagents and their application in an environment-friendly way to the synthesis of functionalized heterocycles that are of great interest in organic synthesis, as such motifs are ubiquitous in both natural products and biologically active pharmaceutical agents. Development of a more practical pathway is important to synthesize new heterocyclic compounds that are otherwise difficult to synthesize by conventional methodologies. We became particularly interested in the synthesis of bis-1H-benzimidazoles by solvent-free techniques that have gradually replaced the use of volatile, hazardous and toxic organic solvents over the past few decades. 2 Such ecofriendly chemical processes have attained substantial interest both in the industry and in academia. 3 Bisbenzimidazoles are known to offer lead inhibition of the activity of M1-RNA, the inhibitions
Results and Discussion
In order to standardize the reaction conditions for the synthesis of 2, 2′-bis-benzimidazoles, 1, 2-phenylene diamine (2 mmol) and oxalic acid (1 mmol) (Scheme 1) were heated at various temperatures with varying amount of HBF4 and the results are tabulated in Table 1 . The best result was obtained with 0.1 ml of HBF4 (45% in water) for 2 hours at 150 ºC (Table 1 , entry 5). The yield slightly decreased on increasing the amount of HBF4, probably due to some other side reactions. On cooling to room temperature, the reaction mixture solidified and was taken out of the oil-bath. Next, saturated aqueous NaHCO3 solution (8 ml) was added, stirred for 10 minutes to remove the acid catalyst, filtered to separate the solid product, washed with brine and dried. The product was finally recrystallized from methanol / ethyl acetate (1:3), without any need for further purification. The yield of the product did not increase with greater amounts of fluoroboric acid and mention must be made of the fact that no reaction took place in absence of fluoroboric acid. Therefore, fluoroboric acid definitely catalyses this reaction. As only 0.1 ml of aqueous HBF4 is used, it cannot act as a solvent. For the structure of 2, 2′-bis-1H-benzimidazole 4a, two conformers, s-cis and s-trans are possible. It is quite obvious that the s-trans conformer is the more stable one due to the presence of two five-membered intramolecular H-bonds as shown in Figure 1 (i). The stability of the strans conformation was proved computationally which is further corroborated from molecular orbital diagram of compound 4e as shown in Figure 1 (ia). All the time-independent computational studies reported in this work were performed using the Gaussian 03 program, within the density functional theory (DFT) framework. B3LYP hybrid functionals were used along with the 6-31G** split-valence basis set. The s-trans and s-cis conformations of 2, 2′-bis-1H-benzimidazole obtained on using Gaussian 03 software are given below: With the above result of optimized reaction conditions, we investigated the reactions of varieties of orthophenylene diamines with aliphatic carboxylic acids and the results are summarized in Table 2 . In all the cases, the yields were very good. A total of three different orthophenylene diamines were utilized ( Table 2 ). All the products gave satisfactory spectral (IR, 1 H NMR, 13 C NMR) data. We then turned our attention towards the synthesis of mixed 2, 2′-bis-1H-benzimidazoles using varieties of dicarboxylic acids (Scheme 2, Table 2 ). For this purpose, again three different ortho-phenylenediamines and dicarboxylic acids with various methylene spacers were employed ( 
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On examination of Table 2 , we find that our methodology works excellent for the synthesis of both simple and mixed bis-1H-benzimidazoles although the yields for the mixed biscompounds (Table 2 , entries 2, 4, 5, 9 and 12) were slightly lower. The mixed bis-1H-benzimidazoles could be synthesized without almost any contamination of the simple benzimidazoles at the same time (HPLC data of crude 4d, 4i and 4l given in the Supplementary Section). Perhaps this is the greatest advantage of this methodology (crude NMR for compound 4i is given in the Supplementary Section: Figure A) . The reaction is performed by the initial mixing of the two types of the diamines and the dicarboxylic acid followed by the addition of the catalyst. The mixture is heated for the specified time (Table 2) in an oil-bath at 150 ºC. On cooling, the crude product solidified, saturated aqueous NaHCO3 solution (10 ml) was added, stirred for 10 minutes to remove the acid catalyst, filtered to separate the solid product, washed with brine and dried. The product was finally recrystallized from methanol-ethyl acetate (1:3) without any need for further purification by column chromatography (details given in the Experimental Section). The mechanism of bis-1H-benzimidazole formation goes by the usual acid catalysed initial formation of diamides followed by ring closure and elimination of water molecules (Scheme 3). The final confirmation of the formation of bis-1H-benzimidazole and its trans conformation comes from the X-ray crystal structure of compound 4n ( Figure 3 ). The low solubility of the compound 4n did fortuitously lead to crystals (during acquisition of NMR experiment) suitable for single-crystal X-ray analysis with the solid-state structure.
Figure 2.
1 H-NMR showing expanded portion of the aromatic region of compound 4c: the pattern depicting the possible presence of two tautomers (details given in Supplementary Section) and further explained from DFT theory below.
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Page 83  ARKAT USA, Inc. A detailed analysis for the formation of the unsymmetrical bis-benzimidazoles 4i has been shown here in Figure 4 . Although, statistically, the formation of all the three bis-benzimidazoles, 4i, 4j and 4g are possible, in real practice, only 4i and 4j are formed in a ratio of 5:1 from the integration ratios of the aromatic protons in the crude 1 H NMR spectra.. That compound 4g was absent was proved conclusively since 4g is insoluble in DMSO-d6 and no product was present as a residue during the preparation of this crude mixture for NMR sampling. compounds resulted in somewhat lower yields than the symmetrical bis-benzimidazoles. Although this might not appear to be very sound, but the actual picture shows to be so as is evident from the crude 1 H NMR spectra for the formation of the unsymmetrical bisbenzimidazoles (all given in the Supplementary Section). HPLC analysis were performed on crude compounds 4d, 4i and 4l (details given in supplementary section). The high insolubility of these bis-benzimidazoles stopped us from performing HPLC analyses on all such compounds particularly, the pure ones. The exact reason for the formation of the target unsymmetrical bisbenzimidazoles without the contamination of the symmetrical bis-benzimidazoles for the formation of 4b, 4d and 4e could be the high conjugative stabilization present in the products (as 4b, 4d and 4e are obtained from oxalic acid) neglecting the small difference of the electronic effects in the starting diamines; resulting in the formation of solely the unsymmetrical bisbenzimidazoles since the starting diamines are present in 1:1 ratio and there is no choice for selectivity. As expected, when 1 mol of the diamine is allowed to react with 1 mol of the diacid, quinoxaline derivative formation takes place (Scheme 4) with oxalic acid (6-membered ring) and benz-diazepine type ring formation with malonic acid (7-membered ring). With the higher methylene spacers, no quinoxaline or benz-diazepine type ring formation takes place. The reason for this could be the stability of the 6-and 7-membered rings. No quinoxaline type ring formation takes place with two equivalents of the diamine. This could probably because of the higher rate of amide bond formation with the one amine group of a diamine than the second one. In presence of equimolar amount of diacid and diamine, single-step cyclization seems to have taken place to form the quinoxaline 6a, 6b or the benzdiazepine type derivative (1,5- 
DFT Calculations
Next we were interested to study the minimum energy conformers for some of the known and the unknown synthesized bis-1H-benzimidazoles at the computational level; the calculation of which resulted in some interesting outcomes. The oxalic acid derived compounds 4a -4e were shown to exist in both the cis and trans isomers, the latter being more stable energetically. The trans isomers were always planar but the cis-form presented out-of-plane orientations thereby coming in way of the entensive delocalization of the two benzimidazole moieties. However, for the malonic 4f, succinic 4g-4j, glutaric 4k-4n and adipic acid derived compounds 4o-4q, the cisconformer seemed to have no existence at all. Moreover in all structures -cis or trans, the isomer in which the methyl substituent was meta to NH was found to be most stable (compounds 4c, 4e, 4f, 4h and 4l). Compound 4c was obtained as a mixture of two tautomers to the extent of 51.6% (tautomer A) and 48.4% (tautomer B) as analysed from 1 H-NMR (given in Figure 2 ). The possible structures of the tautomers were established in terms of energy from these density functional theory calculations. 
Photophysical studies
Finally we studied the absorption and emission spectral characteristics of the newly synthesized compounds and their differences with the core compound 4a were determined. As is quite evident from their structures, the fluorescence spectral characteristics of compounds 4d and 4e should be different from those of compounds 4q, 4n and 4l with variable methylene spacers. To prove these points, their absorbance and emission ( Figure 8 ) were recorded along with that of 2, 2,2´-bis-1H-benzimidazole (compound 4a).
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Figure 8. Absorption and Emission graphs of compounds 4d, 4e, 4q, 4n and 4l
The absorption band maxima for compound 4d (λabs = 337 nm) is red-shifted with respect to that of compound 4a (λabs = 326 nm; the absorption and emission of compound 4a are given in the supplementary section). Similar to its absorption spectrum, the fluorescence spectrum of compound 4d (λemi = 380 nm) is also red-shifted as compared to compound 4a (λemi = 366 nm). The fluorescence spectrum of compound 4d almost makes a mirror image with its absorption spectra, indicating that the molecular conformation in the first excited state (S1) differs little from that in the ground state (S0). 20 The emission spectrum of 4d shows the same vibrational energy spacing as the absorption spectrum. The fluorescence spectrum was found to be independent of the excitation wavelengths. The absorption and emission spectra are highly structured and redshifted as compared to compound 4a indicating better extensive conjugation between the two rings in 4d.
The absorption band maxima of compound 4e (λabs = 336 nm) is also red-shifted as compared to compound 4a. A weak shoulder in the absorption spectrum for compound 4e is present at 323 nm, whereas for compound 4a it was at 316 nm. Although the fluorescence spectrum of compound 4e makes a mirror image with its absorption spectrum, along with being red-shifted indicating more extensive conjugation , the fluorescence spectrum was not independent of the excitation wavelengths and gave two similar but different emission spectra when excited at 335 nm and 430 nm respectively i.e., it exists as a two-emitting species. Proton transfer probably takes place in the excited state, yielding a highly conjugated species that fluoresces at a longer wavelength. 7, 15 It cannot be due to tautomerisation, because different tautomeric forms are possible in all these bis-benzimidazole compounds.
The extensive conjugation is absent for compounds 4q, 4n and 4l; both the absorption and fluorescence band maxima are blue-shifted as compared to compound 4a. The structural nature of their absorption bands are absent in their fluorescent spectra, i.e., their absorption and emission spectra are not mirror images. The shorter wavelength absorption peak is probably due
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to excitation to the second excited state (S2), which relaxes rapidly to S1. Emission occurs predominantly from the lowest singlet state (S1), so emission from S2 is not observed. The low fluorescence quantum yield values for compounds 4q, 4n and 4l also reflects that the molecules are not rigid; variable methylene spacers between the two benzimidazole moieties are present in these compounds and so are viable to free rotation. Moreover, for all the molecules the quantum yields are not close to unity, which indicates that their non-radiative decay rates are much higher than their rates of radiative decay. 
Conclusions
From our detailed studies, we find that, fluoroboric acid (45% aqueous solution) proved to be a very efficient catalyst for the synthesis of 2,2′-bis-1H-benzimidazoles (both simple and mixed) under solvent-free conditions in an oil-bath at 150 ºC. The products could be readily purified in excellent yields without the need for column chromatography. All representative molecules were computed for their energy-minimized structures using the B3LYP/6-31G** level of theory in Gaussian 03. The fluorescence studies of a few unknown compounds were studied which proved that the absorption and emission maxima were highly dependant on the methylene spacers as expected.
Experimental Section
General. All NMR analyses were performed on a 300 MHz Bruker machine using deuterated DMSO as the solvent. The pure batch of compounds after recrystallisation was used for the determination of elemental analysis.
General method for 2, 2′-bis-1H-benzimidazole formation
Diamine 1 (1 mmol) and diamine 2 (1mmol) were mixed together in a 25 ml round-bottomed flask and to it the diacid 3 (1 mmol) was added followed by 0. acid. The contents of the flask were heated in an oil-bath at 150 ºC for the specified time (Table  3) . On cooling, the crude product solidified, saturated aqueous NaHCO3 solution (10 ml) was added, stirred for 10 minutes to remove the acid catalyst, filtered to separate the solid product, washed with brine and dried. The products were finally recrystallized from methanol-ethyl acetate (1:3) without any need for further purification by column chromatography. All the experiments were performed at least thrice to produce the same results in each case. An important observation is that, for all the oxalic acid derived compounds 4a, 4b, 4c, 4d and 4e, the proton-nmr signals were broadened and consequently overlapping (especially the aromatic region) took place. These yellowish-green compounds were also highly fluorescent even in the minimal amount required for sampling NMR in DMSO-d6 solvent. The broadening of signal occurs due to problems in magnetic field homogeneity. In the present case, this problem probably occurs due to the viscosity of sample. Similar signal broadening has been observed in compounds refereed in reference no. 20. Absorption and emission spectra of the representative compounds were very characteristic for each compound studied as mentioned in the main manuscript. Table 2, 
2, 2'-Bis-1H-benzimidazole (4a). (

